Human innate immunity against most African trypanosomes, including Trypanosoma brucei brucei, is mediated by a minor subclass of toxic serum HDL, called trypanosome lytic factor-1 (TLF-1). This HDL contains two primate specific proteins, apolipoprotein L-1 and haptoglobin (Hp)-related protein, as well as apolipoprotein A-1. These assembled proteins provide a powerful defense against trypanosome infection. Trypanosoma brucei rhodesiense causes human African sleeping sickness because it has evolved an inhibitor of TLF-1, serum resistance-associated (SRA) protein. Trypanosoma brucei gambiense lacks the SRA gene, yet it infects humans. As transfection of T. b. gambiense (group 1) is not possible, we initially used in vitro-selected TLF-1-resistant T. b. brucei to examine SRA-independent mechanisms of TLF-1 resistance. Here we show that TLF-1 resistance in T. b. brucei is caused by reduced expression of the Hp/Hb receptor gene (TbbHpHbR). Importantly, T. b. gambiense (group 1) also showed a marked reduction in uptake of TLF-1 and a corresponding decrease in expression of T. b. gambiense Hp/Hb receptor (TbgHpHbR). Ectopic expression of TbbHpHbR in TLF-1-resistant T. b. brucei rescued TLF-1 uptake, demonstrating that decreased TbbHpHbR expression conferred TLF-1 resistance. Ectopic expression of TbgHpHbR in TLF-1-resistant T. b. brucei failed to rescue TLF-1 killing, suggesting that coding sequence changes altered Hp/Hb receptor binding affinity for TLF-1. We propose that the combination of coding sequence mutations and decreased expression of TbgHpHbR directly contribute to parasite evasion of human innate immunity and infectivity of group 1 T. b. gambiense.
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African trypanosomes | haptoglobin/hemoglobin receptor | innate immunity | human serum resistance T he infectivity of African trypanosomes for humans is dependent on their ability to neutralize or avoid the cytotoxic activity of a powerful innate immune activity associated with a minor subclass of human serum HDLs, trypanosome lytic factor (TLF)-1 and a related protein complex, TLF-2 (1-3). It is likely that both TLF-1 and TLF-2 contribute to trypanosome killing, but TLF-2 is poorly characterized and its mechanism of killing is unknown. Trypanosoma brucei brucei causes a chronic wasting disease in cattle but is unable to infect humans because of its susceptibility to TLF. Trypanosomes causing human sleeping sickness are capable of circumventing the activity of TLF. Trypanosoma brucei rhodesiense has evolved a serum resistance-associated (SRA) protein that binds and neutralizes TLF-1, and expression of SRA in T. b. brucei is sufficient to confer resistance to TLF-1 (4, 5) . Trypanosoma brucei gambiense also infects humans but lacks SRA and the mechanism of resistance to TLF-1 killing is unknown. T. b. gambiense consists of two genetically distinct groups. Group 1 is the dominant form, which has an invariant human serum resistance phenotype, whereas group 2 is less common and can lose its resistance to human serum during serial passage in rodents (6) .
The major protein components of TLF-1 are apolipoprotein A-1 (apoA-1), and two primate specific proteins, apolipoprotein L-1 (apoL-1) and haptoglobin (Hp)-related protein (Hpr). Both Hpr and apoL-1 have been proposed to be toxic to trypanosomes (7) (8) (9) (10) (11) . In addition, Hb is a necessary cofactor for maximal killing activity (12) . ApoL-1 shares limited sequence similarity to bacterial colicins, and structural and functional similarities with members of the apoptotic Bcl2 family (13) . In vitro studies have shown that apoL-1 interacts with membranes, leading to selective ion movement (10, 14) . The mechanism of Trypanosoma brucei rhodesience resistance to TLF-1 is dependent on SRA binding to a C-terminal α-helical region of apoL-1 leading to inhibition of pore-forming activity (15) . Based on this finding, it has been proposed that formation of the binary TLF-1/SRA complex prevents the interaction of apoL-1 with endosomal/lysosomal membranes, leading to human serum resistance (15) . Hrp is highly similar (92%) to the human Hp, an abundant acute-phase Hb scavenger protein that is cleared from the circulation by a high-affinity receptor in mammals (16) . Hrp also binds Hb, but is not an Hb scavenger protein as it does not bind the mammalian Hp/Hb receptor (12, (17) (18) (19) M), thus allowing TLF-1 uptake (18, 20) . T. b. brucei killing requires trafficking of surface-bound TLF-1 to the acidic lysosome, where it is activated and associates with the lysosomal membrane, ultimately leading to parasite death (21, 22) . Deletion of the TbbHpHbR gene by knockout or competition with an excess of Hp/Hb spared T. b. brucei from killing by TLF-1 (18, 23) . TLF-1 resistance in T. b. rhodesiense is not the result of decreased expression of the Hp/Hb receptor gene, as both the affinity and copy number of the receptor are identical to that of T. b. brucei (20) .
T. b. gambiense lacks the SRA gene, and this led us to investigate SRA-independent defense mechanisms that trypanosomes might have evolved against TLF-1 (24). Here we show that both mutations to the T. b. gambiense Hp/Hb receptor (TbgHpHbR) coding sequence and decreased mRNA levels are conserved among group 1 T. b. gambiense isolates and that the lack of a functional Hp/Hb receptor directly influences the susceptibility of these parasites to human innate immunity. The observed decrease in TLF-1 binding and uptake may reflect mutations within the coding region of the TbbHpHbR gene, resulting in loss of TLF-1 binding, or altered expression of the receptor. To examine these possibilities, the TbbHpHbR gene was PCR amplified, cloned, and sequenced from the TLF-1-resistant and -susceptible cell lines (Fig. S2) . No changes in coding sequences were observed. In contrast, Northern blot analysis showed that TbbHpHbR mRNA was expressed in only the TLF-1-susceptible trypanosomes (Fig. 1D) .
Although resistance to TLF-1 is a relatively stable characteristic of T. b. brucei 427-060 R , we observed a small fraction of cells that spontaneously revert to being susceptible to TLF-1. To determine whether these cells had activated TbbHpHbR expression, we developed a FACS procedure. As Alexa Fluor-488 conjugation of TLF-1 results in the loss of killing activity with no affect on binding or uptake, we were able to sort a minor subpopulation of live trypanosomes that bound TLF-1. Trypanosomes that bound TLF-1 were sorted, grown in conditioned growth media, and further subjected to additional rounds of FACS, resulting in a population enriched for TLF-1 uptake ( Fig. 2A ). This population was used to derive a clonal line, designated as T. b. brucei 427-060 S , that bound TLF-1 and was highly susceptible to TLF-1 killing ( Fig. 2 B and C). Based on Northern blot and SDS/PAGE analysis, both T. b. brucei 427-060 R and 427-060 S express the VSG060 ( Fig. 2D and Fig. S3 ). However, Northern blot and RT-PCR showed that only the T. b. brucei 427-060 S line expresses the TbbHpHbR gene ( Fig. 2D ). Together these data suggest that TLF-1 resistance is independent of VSG expression, and differential expression of the TbbHpHbR gene may have a profound effect on TLF-1 susceptibility in T. b. brucei.
TLF-1 Susceptibility Is Reduced in RNAi Knockdowns of TbbHpHbR.
The correlation between decreased expression of TbbHpHbR gene and TLF-1 resistance makes it tempting to propose that the resistance phenotype is caused solely by loss of expression of this receptor. To examine this possibility, a portion of the coding sequence from TbbHpHbR was cloned into an RNAi plasmid vector between opposing T7 RNA polymerase promoters. The construct was transfected into T. b. brucei Lister 427, bloodstream line 90-13 (26) . Induction of RNAi with doxycycline resulted in slightly reduced growth (Fig. S4A ). In addition, knockdown of the TbbHpHbR mRNA resulted in a reduction both in uptake and susceptibility to TLF (Fig. S4 B-D) . The overall reduction in TLF killing (approximately 50% relative to T. b. brucei 427-221 S ) was consistent with the incomplete knockdown of TbbHpHbR mRNA in these cells and supports the possibility that decreased expression of TbbHpHbR confers TLF-1 resistance (Fig. S4B) .
Reduced TLF-1 Uptake and TbgHpHbR Expression in Group 1 T. b.
Gambiense. Our findings and those of a previous study (18) with the TLF-1 resistant T. b. brucei lines showed that the reduced expression of the TbbHpHbR gene provided an SRA-independent mechanism of resistance to TLF-1. This led us to investigate whether the reduced expression of the TbgHpHbR gene also contributed to TLF-1 resistance in T. b. gambiense. The uptake of TLF-1 and the expression of the TbgHpHbR gene were examined in group 1 T. b. gambiense (Fig. 3 A-C) . The binding and uptake of TLF-1 by T. b. brucei (STIB247), T. b. rhodesiense (Baganzi), and T. b. gambiense group 1 (Eliane) was compared using Alexa Fluor-488-conjugated TLF-1 by immunofluorescence microscopy (Fig.  3A) . Both T. b. brucei and T. b. rhodesiense accumulate TLF-1 intracellularly within the lysosome, whereas T. b. gambiense group 1 (Eliane) failed to take up TLF-1. We also compared the uptake of TLF-1 by T. b. gambiense group 1 (Eliane) with T. b. brucei 427-221 and T. b. brucei 427-800 R by FAC and observed a decrease in TLF-1 uptake in T. b. gambiense group 1 (Eliane), similar to the Hp/Hb receptor minus T. b. brucei 427-800 R (Fig. 3C) . Consistent with these results, we found that the abundance of TbgHpHbR mRNA was reduced approximately fivefold relative to TLF-1-susceptible T. b. brucei and SRA expressing T. b. rhodesiense (strain Baganzi; Fig. 3B ). When T. b. gambiense group 1 (Eliane) was isolated from infected mice, the level of TbgHpHbR mRNA was reduced greater than 20-fold relative to TLF-1-susceptible T. b. brucei (Fig. 3B) . To investigate whether reduced expression of TbgHpHbR was a general feature of group 1 T. b. gambiense, we examined five additional isolates from three different countries and found that all showed consistent reduction in TbgHpHbR mRNA abundance (Fig. 3B ).
Ectopic Expression of the TbbHpHbR, but Not TbgHpHbR, Rescues TLF-1 Susceptibility. To determine whether TbbHpHbR expression was sufficient to restore susceptibility to TLF-1 in resistant cell lines, we expressed TbbHpHbR ectopically in T. b. brucei 427-060 R (Fig. 4) . The regulated expression of trypanosome genes is most commonly posttranscriptional, and is often associated with differences in mRNA degradation determined by 3′UTRs (27) . To prevent the possible degradation of ectopically expressed TbbHpHbR mRNA in T. b. brucei 427-060 R , we replaced the endogenous UTRs with sequences from housekeeping genes (5′ actin A and 3′ α-tubulin UTRs; Fig. 4A ). The entire TbbHpHbR ORF was cloned into the pTub-phleo vector (28) . T. b. brucei 427-060 R was transfected with this construct, which integrates into the tubulin locus. Transfectants were cloned and expression of the endogenous TbbHpHbR gene was selectively examined by a nested RT-PCR with two TbbHpHbR ORF-specific primers and a primer for the 3′UTR of TbbHpHbR. Expression of both the endogenous and ectopic TbbHpHbR genes was analyzed by a nested RT-PCR with ORF-specific primers (Fig. 4B) . The predicted RT-PCR products from endogenous and ectopic genes were detected in T. b. brucei 427-221 S and the T. b. brucei 427-060_rescue S , respectively, whereas no TbbHpHbR mRNA was detected in T. b. brucei 427-060 R (Fig. 4B) . The ability of the T. b. brucei 427-060_rescue S to take-up TLF-1 was examined by FAC, and susceptibility to TLF-1 killing determined by in vitro lysis assays (Fig. 4 C and D) . Ectopic expression of TbbHpHbR results in a rescue of TLF-1 uptake and susceptibility, indicating that loss of the Hp/Hb receptor expression is the mechanism of TLF-1 resistance in T. b. brucei-060
Next we attempted to rescue the TLF-1 susceptibility in T. b. brucei 427-060 R by ectopic expression of the TbgHpHbR coding sequence (Fig. 4 A-D) . Transfection of T. b. brucei 427-060 R with TbgHpHbR failed to restore uptake of or susceptibility to TLF-1 despite expression of the TbgHpHbR mRNA (Fig. 4 B-D) . Analysis of the TbgHpHbR sequence from four group 1 T. b. gambiense isolates (Eliane, DAL 972, BIM, and PA) revealed a high degree of similarity to the TbbHpHbR gene, with only eight nonsynonymous polymorphisms (Fig. S5) . Based on the inability of the TbgHpHbR gene to rescue TLF-1 binding and susceptibility in T. b. brucei-060 R , it is likely that one or more of these changes resulted in a reduction in the affinity of the receptor for TLF-1. Together these findings suggest that both mutations within the TbgHpHbR coding sequence and decreased expression of the TbgHpHbR mRNA contribute to the resistance of group 1 T. b. gambiense to TLF-1.
Discussion
A great deal is known about the resistance of T. b. rhodesiense to human innate immunity. These parasites express a truncated member of the VSG superfamily, SRA, which has a high affinity for the apoL-1 component of TLF-1 (9) . Formation of the SRA/TLF-1 complex prevents killing and allows parasite growth in humans. On the contrary, little is known about the factors that allow human infection by T. b. gambiense (24) . These parasites lack the SRA gene, indicating that SRA-independent mechanisms of TLF-1 resistance must exist. This raises the possibility that TLF-1 resistance in T. b. gambiense might be caused by the evolution of another TLF-1 neutralizing factor or that resistance could result from evasion of TLF-1 uptake. Group 1 T. b. gambiense has proven to be largely intractable to genetic manipulation leading us to develop a model for SRA-independent resistance to TLF-1 in T. b. brucei (25) . Results presented here show that the loss of expression of the Hp/Hb receptor, encoded by the TbbHpHbR gene, can be selected for in T. b. brucei. Loss of binding allows these parasites to evade TLF-1 killing. These findings are directly relevant to human disease, as we found that several group 1 T. b. gambiense isolates also showed decreased TLF-1 uptake and reduced expression of TbgHpHbR mRNA. In addition, we showed that the TbgHpHbR was unable to rescue TLF-1 uptake and susceptibility in TLF-1-resistant T. b. The results presented here show that TLF-1 resistance in group 1 T. b. gambiense is a consequence of reduced expression and mutations to the TbgHpHbR gene. The combination of loss-offunction mutations, coupled with reduced abundance of the mRNA, may be necessary to provide complete protection from TLF-1 killing. Alternatively, evolution of TLF-1 resistance may have initially involved down-regulation in TbgHpHbR expression that provided only partial protection against TLF-1. Repeated inoculation of these parasites into primates could have selected for TbgHpHbR mutations that lead to a loss of TLF-1 binding and complete protection. Experiments currently under way will define the TbgHpHbR sequence changes that influence TLF-1 affinity.
We propose that reduced expression and coding sequence mutations to the TbgHpHbR were strongly selected for in group 1 T. b. gambiense, allowing these parasites to evade TLF-1 killing and to survive in the human host. However, reduced Hp/Hb uptake may also have a fitness cost to the parasite. Long-term growth of TLF-1-resistant T. b. brucei lines, in the absence of the selective pressure of TLF-1, resulted in the spontaneous outgrowth of cells that expressed the TbbHpHbR. Thus, we propose that, although the Hp/Hb receptor is not essential in trypanosomes, its expression may influence growth rate and the virulence of the parasite in the mammalian host. Previous studies indicated that the Hp/Hb receptor is used by T. b. brucei for heme uptake and was necessary for optimal growth and contributed to resistance to oxidative burst by host macrophages (18) . It is possible that other mechanisms for heme uptake are present in group 1 T. b. gambiense. The studies presented here show that SRA independent resistance to TLF-1 can be caused by the loss of expression of a functional Hp/Hp receptor and suggests a unique strategy for evasion of human innate immunity by T. b. gambiense.
Materials and Methods
In Vitro Growth, Generation, and Transfection of T. b. brucei Cell Lines. Bloodstream form T. b. brucei Lister 427 (MiTat 1.2) were used in these studies. TLF-1-resistant T. b. brucei 427-800 R cells were described previously (25) . in the loss of TLF-1 killing but not binding, thus allowing us to sort live cells that bound TLF-1 (SI Materials and Methods provides further details).
TLF-1 Purification, Labeling, Lysis Assays, and Flow Cytometry. TLF-1 purification, labeling, and lysis assays were performed as described previously (2, 8) . FACS analysis was performed on samples with 3 μg /mL Alexa Fluor-488-conjugated TLF-1. Cells were incubated for 1 h at 37°C, washed three times with ice-cold 1× PSG buffer (50 mM NaP i , 45 mM NaCl, 55 mM glucose, pH 8.0) and analyzed with a Cyan cytometer (Dako).
SDS/PAGE and Northern Blot Analysis. Total cell protein from 2 × 10 6 trypanosomes was run on 10% SDS/PAGE and stained with Coomassie brilliant blue. For Northern blot analysis, radiolabeled probes containing entire ORFswere generated (Prime-It random primer labeling kit; Stratagene) and hybridized in a 40% (vol/vol) formamide hybridization mix with the addition of 10% (wt/vol) dextran sulfate. Final washes were performed with 0.1× SSC (150 mM NaCl, 15 mM sodium citrate, pH 7.4)/0.1% SDS at 65°C for 20 min.
RT-PCR of the Expressed VSGs and Hp/Hb Receptor. Total RNA was isolated with Tripure isolation reagent (Roche) or with the RNeasy mini kit (real-time PCR; Qiagen) and DNase I treated (Invitrogen). cDNA was generated in a reverse transcription reaction (Promega) or with the Omniscript RT kit (real-time PCR; Qiagen). SI Materials and Methods includes a description of quantitative PCR methodology and Table S1 shows all primers used. Control reactions were performed with enolase and GPI8 primers (real-time PCR), as well as reactions without added reverse transcription. Four replicates were performed for each parasite line. For cloning and sequencing, PCR products were generated with Platinum High Fidelity Taq Polymerase (Invitrogen), gel-purified, and cloned into the PCR 2.1 vector (Invitrogen). Both strands were sequenced with M13 forward and reverse primers. VSG and Hp/Hb receptor sequences were compared with the T. b. brucei TREU 927 data set (GeneDB; www.genedb.org).
Ectopic Expression of the Hp/Hb Receptor. The Hp/Hb receptor ORF was PCR amplified from T. b. brucei 427-221 S and group 1 T. b. gambiense (Eliane strain) and cloned into the pTub-phleo construct (28) after sequence verification, using Sbf I and Asc I linkers (underlined). Hp/Hb receptor (Act/ Tub_UTR) was transfected in T. b. brucei 427-060 R cells. Fluorescence Microscopy of TLF Uptake. Trypanosomes were resuspended in serum-free HMI9 media at a concentration of 10 6 cells/mL and incubated in 10 μg/mL of Lysotracker (Invitrogen) and 5 μg/mL of Alexa Fluor-488-conjugated TLF. Details of the methods used for imaging TLF uptake are provided (SI Materials and Methods).
